The heat shock protein ClpB (HSP100) is a member of the diverse group of Clp polypeptides that function as molecular chaperones and/or regulators of energy-dependent proteolysis. A single-copy gene coding for a ClpB homolog was cloned and sequenced from the unicellular cyanobacterium Synechococcus sp. strain PCC 7942. The predicted polypeptide sequence was most similar to sequences of cytosolic ClpB from bacteria and higher plants (i.e., 70 to 75%). Inactivation of clpB in Synechococcus sp. strain PCC 7942 resulted in no significant differences from the wild-type phenotype under optimal growth conditions. In the wild type, two forms of ClpB were induced during temperature shifts from 37 to 47.5 or 50؇C, one of 92 kDa, which matched the predicted size, and another smaller protein of 78 kDa. Both proteins were absent in the ⌬clpB strain. The level of induction of the two ClpB forms in the wild type increased with increasingly higher temperatures, while the level of the constitutive ClpC protein remained unchanged. In the ⌬clpB strain, however, the ClpC content almost doubled during the heating period, presumably to compensate for the loss of ClpB activity. Photosynthetic measurements at 47.5 and 50؇C showed that the null mutant was no more susceptible to thermal inactivation than the wild type. Using photosynthesis as a metabolic indicator, an assay was developed for Synechococcus spp. to determine the importance of ClpB for acquired thermotolerance. Complete inactivation of photosynthetic oxygen evolution occurred in both the wild type and the ⌬clpB strain when they were shifted from 37 directly to 55؇C for 10 min. By preexposing the cells at 50؇C for 1.5 h, however, a significant level of photosynthesis was retained in the wild type but not in the mutant after the treatment at 55؇C for 10 min. Cell survival determinations confirmed that the loss of ClpB synthesis caused a fivefold reduction in the ability of Synechococcus cells to develop thermotolerance. These results clearly show that induction of ClpB at high temperatures is vital for sustained thermotolerance in Synechococcus spp., the first such example for either a photosynthetic or a prokaryotic organism.
The rapid induction of specific polypeptides is the most common molecular response to heat stress in nature. These polypeptides, or heat shock proteins (HSPs), are found in all organisms and presumably protect against thermal damage and accelerate recovery. Most HSPs are synthesized only upon exposure to high temperatures, but some are also expressed in lesser amounts constitutively. Many HSPs are molecular chaperones or components of various energy-dependent proteolytic pathways (30) . Molecular chaperones are a diverse group of polypeptides which promote many steps in protein maturation, such as protein folding, assembly of multimeric complexes, and membrane translocation (10) . Chaperone function is vital for normal cell integrity, but the induction of chaperones is especially important at high temperatures, under which conditions the probability of protein denaturation, aggregation, and misfolding rises markedly. They apparently protect the cell during thermal stress by stabilizing existing and nascent protein structures and by renaturing unfolded or aggregated polypeptides (46) . When proteins become irreversibly damaged, energydependent proteases are then required to efficiently degrade these potentially hazardous polypeptides (13) .
A new group of conserved proteins, the Clp (caseinolytic protease) or HSP100 family, has recently aroused great interest because of its links to both chaperone and proteolytic activities. Representatives are found within different intracellular compartments of both prokaryotes and eukaryotes. Clp proteins were first studied in Escherichia coli as part of an ATP-dependent protease consisting of two nonhomologous subunits, ClpP (21 kDa) and ClpA (83 kDa) (15, 16) . The ClpP subunit possesses the proteolytic active site but must be complexed with ClpA to fully degrade polypeptides (25) . The ATP necessary for proteolysis is sequestered by ClpA (24) , which also selectively binds the target protein and presumably presents it to ClpP for efficient degradation (44) . The E. coli ClpA-P protease appears to be mainly involved in cellular housekeeping, removing those aberrant polypeptides that form spontaneously during normal growth (23) . In addition to regulating proteolysis, ClpA also functions as a molecular chaperone independently of ClpP, as demonstrated in vitro by the conversion of inactive RepA dimers to functional monomers (47) . ClpA is now recognized as only one of at least five distinct types of large Clp proteins. Three of these are designated ClpA, -B, and -C, and despite variations in size and gene structure, all possess two characteristic ATP-binding domains. The other two types, ClpX and -Y, are smaller proteins with only one of the two ATP-binding domains (12) . Only ClpA and ClpX in E. coli have as yet been shown to associate with ClpP in a functional proteolytic complex in vivo, in which the two confer distinct protein substrate specificies (25, 48) .
ClpB is an HSP in both prokaryotes and eukaryotes and is distinguished from other large Clp proteins by a relatively long spacer region between the two ATP-binding domains (40) . Each organism studied to date has two forms of ClpB. In bacteria, these different forms (78 and 94 kDa) arise from two translational initiation sites on a single transcript (28) . Eukaryotes, however, possess separate nuclear genes for each ClpB, with the larger protein (100 to 110 kDa) found in the nucleus and cytoplasm (33) while the smaller form (78 kDa) is localized in the mitochondria (22) . The roles of ClpB during heat stress appears to differ between prokaryotes and eukaryotes. Loss of ClpB synthesis in E. coli significantly reduces cell viability after a sudden and extreme heat shock but does not affect the cell's ability to develop thermotolerance (41) , that is, resistance to a normally lethal high temperature acquired through preconditioning at a nonlethal high temperature. In contrast, induction of cytoplasmic ClpB in the yeast Saccharomyces cerevisiae is essential for acquired thermotolerance, but has considerably less influence on cell survival after an immediate shift to extreme temperatures (33) . Both the cytoplasmic and mitochondrial ClpB proteins in S. cerevisiae have been shown to function as molecular chaperones during heat stress by resolubilizing inactive protein aggregates and preventing protein denaturation, respectively (29, 34, 37) .
Certain gram-positive bacteria, such as Bacillus subtilis, possess ClpC as an alternative, heat-inducible Clp protein, with its induction during heat shock being essential for cell survival (19, 27) . ClpC is also present in most photosynthetic organisms, including many cyanobacterial strains (5). In higher-order plants, ClpC is a nucleus-encoded protein that is posttranslationally imported into chloroplasts and is localized within the stroma (26, 39) . Recently, a recombinant plant ClpC was shown to activate the proteolytic activity of E. coli ClpP in vitro, suggesting that it participates in ATP-dependent proteolysis in plastids (14) , a proposal supported by the presence of clpP in the chloroplast genome (6, 17, 18) . In contrast to the B. subtilis homolog, ClpC in photobionts is mainly a constitutive protein essential for normal growth and is not heat inducible (5, 36, 39) .
Cyanobacteria are an assorted collection of single-and multicellular eubacteria that exist in nearly all terrestrial habitats. They can be either free living or lichenized and freshwater or marine and are found in ecosystems that vary considerably in temperature, light, and nutrient availability. Cyanobacteria have also proven to be valuable model organisms for studying photosynthesis, since they are the only prokaryotes capable of oxygenic photosynthesis and are readily genetically manipulated. Despite their biological importance, little is known about molecular chaperones in cyanobacteria, especially their roles under adverse growth conditions. Cyanobacteria, like all organisms, synthesize a diverse range of HSPs upon exposure to high temperatures (2) , but the roles of these proteins remain poorly understood. In this study, we report the identification, cloning and sequencing of a clpB gene from the unicellular cyanobacterium Synechococcus sp. strain PCC 7942. We show that the predicted cyanobacterial protein is similar to ClpB from both bacteria and higher plants and is also heat inducible as in other organisms. Furthermore, given the known importance of ClpB in protecting nonphotosynthetic organisms at high temperatures, we have analyzed whether the cyanobacterial ClpB influences the cell's ability to withstand thermal stress, using photosynthesis as a primary metabolic indicator.
MATERIALS AND METHODS
Culture conditions. Each culture of the cyanobacterium Synechococcus sp. strain PCC 7942 was grown in BG-11 inorganic medium (32) buffered with 10 mM 3-(N-morpholino)propanesulfonic acid (pH 7.5) at 37ЊC under a continuous photon irradiance of 50 mol m Ϫ2 s Ϫ1 in batch cultures (3) . The ⌬clpB strain was maintained on solid BG-11 plates and in liquid precultures, with 5 g of the antibiotic kanamycin added ml Ϫ1 to maintain selection. For batch cultures, however, the ⌬clpB strain was grown without kanamycin to eliminate the possibility of antibiotic-induced changes in phenotype. Cultures were also bubbled with 5% CO 2 in air to avoid changes in antenna size due to low inorganic carbon concentrations. Cells in exponential growth phase with a chlorophyll (Chl) content of 2.5 to 3.5 g ml Ϫ1 were used for all experiments. Cloning and sequencing of clpB. The clpB gene from Synechococcus spp. was identified with degenerate oligonucleotides complementary to the two ATPbinding domains unique to all large clp genes. Each primer was 31 to 33 bases and included EcoRI sites at the 5Ј ends: atp-1, 5Ј-TI GGI GAA TTC GGI GTI GGI AA(AG) ACI GCI AT(ATC) G-3Ј and atp-2, 5Ј-GI (AG)TG GAA TTC AT(AG) (AT)A(CT) TCI GAC AT(AG) TC-3Ј. A 1.4-kb fragment was amplified from Synechococcus genomic DNA (100 ng) after 30 cycles of denaturation for 1 min at 95ЊC, annealing for 1 min at 50ЊC, and extension for 1 min at 72ЊC. It was then cloned into the plasmid pUC19 and later identified as an internal portion of a clp gene by DNA sequencing. The fragment was used as a specific DNA probe to screen a Synechococcus genomic library for positive full-length clones. Dideoxy sequencing of each clone was carried out by a thermal cycle amplification system (Promega, Madison, Wis.). Analysis of DNA and protein sequences was carried out with the PILEUP program in the University of Wisconsin's Genetics Computer Group package (9) . The complete DNA sequence can be obtained from GenBank (accession number U20646).
DNA hybridization. Southern blot analysis was performed as described by Clarke et al. (6) using total DNA (5 g) completely digested with several restriction enzymes. Restriction fragments were separated on 1% agarose gels, transferred to nylon filters (Hybond-N; Amersham, Little Chalfont, Buckinghamshire, United Kingdom), and then UV cross-linked according to the manufacturer's recommendations. Filters were hybridized to radioactive homologous gene-specific DNA probes at 65ЊC in 6 ϫ SSPE (1 ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7])-5 ϫ Denhardt's solution-0.2% sodium dodecyl sulfate (SDS)-125 mM EDTA-100 g of denatured herring sperm DNA ml
Ϫ1
. Probes were radiolabelled by the random priming method (11) with [␣- 32 P]dCTP and then purified through a 1-ml Sephadex G-50 spin column. After hybridization, the filters were washed in 0.1 ϫ SSPE-0.1% SDS at 65ЊC and then exposed to X-ray film (Cronex; DuPont).
Construction of clpB inactivation plasmid and transformation. The clpB inactivation plasmid was constructed by excising a 1.7-kb PstI fragment from the clpB gene cloned in plasmid pUC19. This fragment contained the region 90 bp upstream of the putative start codon and over 50% of the clpB gene itself. A 1.3-kb fragment containing the gene coding for kanamycin resistance was then excised from plasmid pUC-4K and ligated into the open PstI site within the clpB clone. The construct was transformed into competent E. coli DH5␣ cells, positive transformants were selected on media containing kanamycin, and plasmids with the correct inactivation construct were verified by restriction endonuclease digestion. Synechococcus cells were then transformed with the linearized construct according to the method of Van der Plas et al. (45) . Putative transformants were selected on BG-11 plates supplemented with kanamycin (5 g ml
). High-temperature experiments. For the 47.5 and 50ЊC shift experiments, the culture flask was moved directly from the growth chamber at 37ЊC to a water bath-shaker with the water heated to the selected temperature. The photon irradiance was maintained at 50 mol m Ϫ2 s Ϫ1 , and the culture was continuously bubbled with 5% CO 2 in air. At each time point, 1 volume of cells was taken for photosynthetic and absorbance measurements while another was pelleted and frozen in liquid N 2 to await protein isolation. For the thermotolerance assays, cultures were pretreated at 50ЊC as described above for the shift experiments, while the 55ЊC treatments were performed in a 50-ml glass tube placed in a heated water bath. In the tube, cells were continuously bubbled with air to avoid self-shading, NaHCO 3 was added at a final concentration of 1 mM to ensure adequate CO 2 supply, and the photon irradiance was maintained at 50 mol m Ϫ2 s
. For cell survival determinations, 1 ml of cells was taken from each treatment (i.e., 37ЊC control, 55ЊC for 10 min, 50ЊC for 1.5 h, and 50ЊC for 1.5 h plus 55ЊC for 10 min) and serially diluted in fresh, sterile BG-11 medium. A 5-l aliquot from each dilution was then spotted onto predried BG-11 agar plates, and the cultures were grown for several days under low light (ϳ5 mol of photons m Ϫ2 s Ϫ1 ) at 33ЊC. Cell survival was determined from the number of colonies counted with a light microscope and multiplied by the appropriate dilution factor. Variations in cell number within replicate cultures were normalized by dividing the calculated number of viable cells from each temperature treatment by the A 750 . At least three independent replicate experiments were carried out for all hightemperature experiments.
Photosynthetic measurements. A pulse-amplitude-modulated fluorometer (Walz, Effeltrich, Germany) was used to measure Chl a fluorescence induction as previously described (3). For simultaneous measurements of fluorescence and oxygen evolution, a system compatible with a pulse-amplitude-modulated fluorometer of cuvette, magnetic stirrer, oxygen electrode, and Bjorkman-type actinic lamp was used (Hansatech, King's Lynn, United Kingdom). Culture samples were transferred directly into the 37ЊC cuvette from the growth flask and dark adapted for 5 to 6 min to allow for the dark respiration measurement. Protein electrophoresis and immunodetection. Total proteins were isolated from frozen cell pellets according to the method of Clarke et al. (7) . Protein samples containing equal amounts of Chl (0.75 g) were then separated on a 7.5 or 11% linear polyacrylamide gel and electrophoretically transferred to a polyvinylidene difluoride membrane (Immobilon; Millipore, Bedford, Mass.). Immunoblot analysis of the filter was performed according to the method of Clarke and Critchley (4) , and the Clp proteins and GroEL were detected with specific polyclonal antibodies and an enhanced chemiluminescence kit (Amersham). Immunoblots were performed on samples from at least three independent replicate experiments. Density scanning of X-ray films from each replicate assay was carried out with a ImageMaster Desktop Scanner and software (Pharmacia LKB, Uppsala, Sweden).
RESULTS
Molecular cloning and sequencing of clpB. Degenerate primers specific for the two ATP-binding sites unique to large Clp proteins (i.e., ATP-1 and ATP-2) were used to clone clpB from the unicellular cyanobacterium Synechococcus sp. strain PCC 7942. After PCR amplification with genomic DNA, two products were isolated and identified by DNA sequencing as internal portions from putative clp genes. Both fragments were later used to screen for full-length clones from a Synechococcus genomic DNA library. The first of these clones contained the complete nucleotide sequence for a clpC homolog, the characterization of which is described elsewhere (5). Two overlapping clones were isolated with the second clp PCR fragment, and they contained the entire coding region for a gene homologous to clpB.
The entire Synechococcus clpB gene consists of an uninterrupted 2,649-bp open reading frame (ORF) coding for a predicted polypeptide of 883 amino acids (Fig. 1) . Upstream of the first ATG, no obvious Ϫ10 or Ϫ35 promoter regions were found for either the constitutive ( 70 ) or heat shock ( 32 ) sigma factors (8) . Further sequencing, however, revealed an ORF 142 bp upstream of the start codon of clpB. This ORF is 375-bp long and was later identified as a petE gene, coding for plastocyanin, a soluble electron carrier to PS I previously thought to be absent from Synechococcus sp. strain PCC 7942 (2a) . No other recognized ORFs were identified over 400 bp downstream of the 3Ј end of clpB. The predicted ClpB protein contains the two dissimilar ATP-binding domains common to all large Clp proteins and the long intervening spacer region (160 to 180 amino acids) characteristic of ClpB. In comparison with other ClpB proteins, the main conserved regions occur within the two ATP-binding domains and the spacer and flanking regions are highly variable (Fig. 1) . The cyanobacterial protein is most similar to ClpB from other prokaryotic organisms, with 56% identity (74% similarity) to E. coli and 53% (73%) to Bacteroides nodosus ClpB. Among eukaryotes, the Synechococcus ClpB protein was also very similar to that of higher plants, with 52 to 53% identity (72% similarity) to the Arabidopsis and soybean homologs.
Copy number and inactivation of clpB gene. To determine the number of clpB copies in the Synechococcus genome, total DNA was isolated and cut with several different endonucleases selected from the known nucleotide sequence. The restricted DNA fragments were hybridized with a clpB probe specific for the 5Ј region upstream of the first ATP-binding domain. At high stringency, the probe hybridized to only one DNA fragment for each restriction endonuclease, except for DNA cut with EcoRI, for which two fragments were detected. A comparison of the predicted number of restriction fragments for the clpB gene with the pattern from the Southern blot confirmed that clpB is a single-copy gene in Synechococcus sp. strain PCC 7942.
To study the role of ClpB in Synechococcus spp. during high-temperature stress, we inactivated the clpB gene by a deletion-insertion strategy. This entailed first the excision of a 1.7-kb PstI fragment from the clpB clone, a region which included 93 bp upstream of the start codon, to remove possible regulatory sequences, such as promoter regions and ribosome binding sites, and over 50% of the structural gene itself. A 1.3-kb kanamycin resistance cassette was then inserted into the vacant PstI site to enable selection of the mutant after transformation. The inactivation construct was verified by restriction endonuclease digestion and then excised from pUC19. The linear DNA fragment was transformed into the actively growing wild type without any further preparation, since this cyanobacterial strain is naturally competent. Integration and complete segregation of the clpB inactivation construct within the mutant genome was confirmed by Southern blot analysis.
Under standard growth conditions, the ⌬clpB strain showed no significant alteration in phenotype when compared with the growth rate of the wild type, although the mutant did have a slightly higher phycocyanin-to-Chl ratio (i.e., 0.89 Ϯ 0.03 versus 0.82 Ϯ 0.04 [n ϭ 3]). The rod-shaped morphology of ⌬clpB cells seen by light microscopy was also identical to that of the wild type, suggesting that ClpB is dispensable for growth of Synechococcus spp. under nonstress conditions, a result consistent with ⌬clpB strains from E. coli and S. cerevisiae (33, 41) .
Induction of ClpB during heat shock. Induction of ClpB at high temperatures was investigated in Synechococcus spp. by shifting wild-type and ⌬clpB cells from 37 to 47.5 or 50ЊC for 2 h (Fig. 2) . Cellular proteins were isolated during both temperature shifts, and ClpB was detected by immunoblotting with polyclonal antibodies directed against ClpB from S. cerevisiae. These antibodies were raised against a 16-amino-acid, glycinerich domain within ATP-1 (31) that is highly conserved in all large Clp proteins and as such should cross-react equally with ClpB and ClpC in Synechococcus spp. Besides Clp proteins, the amount of the heat shock protein GroEL was also examined with polyclonal antibodies directed towards the E. coli homolog.
Prior to the high-temperature shifts, ClpB was almost undetectable during exponential growth at 37ЊC under 50 mol of photons m Ϫ2 s Ϫ1 with 5% CO 2 in air, in contrast to the relatively high level of constitutive ClpC content; ClpC contents were identical for the wild type and the ⌬clpB strain. When wild-type cells were shifted to 47.5ЊC, ClpB was induced within 30 min and remained at a constant level throughout the 2-h period (Fig. 2) . The maximum amount of ClpB, however, was considerably less than the amount of ClpC, which was unaffected by the shift to 47.5ЊC. This differed in the ⌬clpB strain, for which the ClpC content almost doubled after 2 h at 47.5ЊC ( Fig. 2A) . In addition to the predicted full-length ClpB, a second smaller protein was detected in the wild type after the shift to 47.5ЊC that was also absent in the ⌬clpB strain. This heat-inducible protein, designated here ClpBЈ, was considerably smaller than the predicted ClpB protein (78 versus 92 kDa) and was detectable only after prolonged exposure of the immunoblot, containing only around 10% of the total ClpB protein.
A stronger induction of both forms of ClpB occurred when cells were shifted to 50ЊC for 2 h, although again the amount of ClpBЈ was substantially less than that of the full-length protein (Fig. 2B) . Almost twice as much ClpB protein was induced in the wild type at 50ЊC as was observed at the 47.5ЊC shift, but it 
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on June 20, 2017 by guest http://jb.asm.org/ was still less than the constitutive level of ClpC (although a difference in the antibody specificities for the two Synechococcus Clp proteins cannot be discounted at this point). Again, after the first 30 min, the induced level of ClpB remained relatively steady for the remaining 1.5 h. ClpC content remained constant in the wild type during the 2-h shift, as it did during the 47.5ЊC treatment. The increased level of synthesis of ClpC in the ⌬clpB strain at 50ЊC was also similar to that at 47.5ЊC, reaching a level almost twice that prior to the heat shock (Fig. 2B) . Moreover, around 50% more GroEL was synthesized by 2 h at 50ЊC than at 47.5ЊC, with a 20-to 25-fold increase from the control level. An increased induction of GroEL also occurred in the mutant, but in contrast to the results of the 47.5ЊC shift, the extent of the increase was greater on average in the ⌬clpB strain than in the wild-type (30-to 35-fold increase). At the same time the protein samples were taken, photosynthesis was measured to ascertain the extent of stress during the different heat treatments (Fig. 3) . Photosynthetic activity, especially that of PS II is known to be highly susceptible to thermal inactivation (1) and thus is an ideal indicator of stress. Measurements of oxygen evolution showed that the photochemical activity in the wild type was only mildly affected by the 47.5ЊC treatment, losing only around 20% of the 0-h control activity after 2 h. In contrast, oxygen evolution steadily declined once cells were shifted to 50ЊC, such that by 2 h, less than 10% of the activity continued (Fig. 3) . Simultaneous measurements of the Chl fluorescence parameters F V Ј/F M Ј and q P also showed similar trends with the two different heat treatments. At 47.5ЊC, the relative efficiency of functional PS II reaction centers as reflected by F V Ј/F M Ј was unaffected for the first 1 h and then declined by only 10% after 2 h. Relative PS II efficiency was also unchanged after 30 min at 50ЊC but then steadily declined to only 20% of the control value after 2 h. Similarly, the proportion of open-to-closed PS II reaction centers (i.e., q P ) remained unchanged throughout the time course at 47.5ЊC but gradually dropped during the 50ЊC treatment. Throughout both shifts, there was no significant difference in the susceptibilities of the wild type and the ⌬clpB strain to thermal inactivation of PS II function, as measured by both oxygen evolution and the two Chl fluorescence parameters (Fig. 3) .
ClpB contributes to thermotolerance. By comparing the wild type with the ⌬clpB strain, we determined whether ClpB is important for thermotolerance in Synechococcus spp., as it is for S. cerevisiae. Thermotolerance is commonly defined as resistance acquired to an otherwise lethal temperature treatment through prior exposure to a high temperature that is nonlethal. Cell survival after the lethal treatment is then measured by colony number after several hours or days of growth. In this study, however, we decided to also test whether photosynthetic activity, as measured by oxygen evolution and Chl fluorescence, could substitute for cell survival counts as an alternative and immediate measure of acquired thermotolerance.
The first step was to determine an extreme temperature regime for the so-called lethal treatment. We defined this in our study as one that causes rapid and complete inactivation of PS II activity as measured by oxygen evolution. The temperatures used for this treatment in thermotolerance assays of E. coli and S. cerevisiae have been 55 and 50ЊC, respectively (35, . For wild-type Synechococcus spp., 10 min at 55ЊC was found to completely inhibit oxygen evolution (Fig. 4A ) and also cause almost total loss in PS II photochemistry at the growth light level (50 mol of photons m Ϫ2 s Ϫ1 ) (Fig. 4B) . Consequently, 10 min at 55ЊC was chosen as the extreme temperature treatment. Surprisingly, the untreated ⌬clpB mutant was slightly less sensitive to 55ЊC than the wild type, consistently losing 5 to 10% less PS II activity over the 10-min treatment (Fig. 4) .
The next step was to determine a pretreatment suitable to develop thermotolerance in Synechococcus spp. and able to induce the synthesis of ClpB. Since a relatively high level of ClpB synthesis occurred at 50ЊC (Fig. 4) , we tested for photosynthetic activity at 30-min intervals at this temperature and found that 1.5 h at 50ЊC produced the maximum level of thermotolerance (data not shown). A longer time at 50ЊC (i.e., 2 h) caused too much loss of photosynthesis for thermotolerance to develop (Fig. 3) . As a result, 50ЊC (for 1.5 h) was chosen as the preconditioning temperature.
The results of the thermotolerance assays showed that the wild type is capable of acquiring thermotolerance while the ⌬clpB strain is not (Fig. 5) . In both measures of PS II function, the pretreatment at 50ЊC caused a significant increase in the resistance of photosynthesis to heat inactivation at 55ЊC in the wild type. In the ⌬clpB strain, however, no increase in the level of residual photosynthesis occurred after the pretreatment, with the efficiency of PS II actually declining. It would appear, therefore, that although the ⌬clpB strain is initially somewhat more resistant to the severe temperature treatment, it is incapable of becoming more thermotolerant, as does the wild type. This result demonstrates for the first time that ClpB induction is essential for developing thermotolerance in a photosynthetic organism.
Because of the rather low residual photosynthetic levels measured in the thermotolerance assays, the significance of the increased oxygen evolution and F V Ј/F M Ј values acquired with the preconditioned wild type was reassessed with cell viability measurements similar to those previously used for S. cerevisiae.
By taking small aliquots of cell suspension during the thermotolerance assay and spotting them on BG-11 plates at various dilutions, we were able to qualitatively and quantitatively measure the development of thermotolerance in the wild-type and ⌬clpB strains. As shown in Fig. 6 , neither the wild type nor the ⌬clpB strain survived the direct shift from 37 to 55ЊC for 10 min, corresponding to the complete loss of oxygen evolution shown in Fig. 4A . After pretreatment at 50ЊC for 1.5 h, around 70% of wild-type cells remained viable compared with nearly 80% of ⌬clpB strain cells. When shifted to 55ЊC for 10 min following the pretreatment, however, only a further 20% of wild-type cells were lost after the normally lethal exposure, leaving at least 50% of the initial population surviving. In contrast, there was a dramatic loss in ⌬clpB strain viability after the 55ЊC 10-min incubation, with only around 10% of the 37ЊC population remaining. This indicates that although the mutant can acquire a very small degree of thermotolerance by preexposure to mild heat shock, the loss of ClpB greatly reduces this capacity by four-to fivefold relative to that of the wild type. It also confirms the corresponding results obtained from the more immediate photosynthetic measurements shown in Fig.  5 .
DISCUSSION
We have cloned and sequenced a single-copy gene coding for ClpB from the unicellular cyanobacterium Synechococcus sp. PCC 7942. The gene product contains the two dissimilar ATP-binding domains characteristic of all large Clp proteins and is equally similar to the homologous protein in higher plants and other bacterial strains. As in all organisms examined to date, the normally low level of ClpB protein in Synechococcus spp. increases substantially during thermal stress. Two different sizes of ClpB are also synthesized, as has been previ- ously shown for ClpB in E. coli (28, 41) . In E. coli, the truncated ClpBЈ originates from a second translational start site within the single clpB transcript (28) . This second translational start site is situated 148 amino acids into the ClpB sequence at a Val residue encoded by GTG which is similar to the methionine ATG codon (28, 41) . Moreover, a perfect ribosome-binding site (GGAGG) is present 7 bases upstream of the Val codon. In Synechococcus spp., a Val residue coded for by GTG can also be found 159 amino acids into the ClpB sequence, as can a possible ribosome-binding site 10 bases further upstream, suggesting that cyanobacterial ClpBЈ also arises from a second translational start site.
In contrast to ClpB in E. coli, we show that ClpB synthesis in Synechococcus spp. contributes considerably to acquired thermotolerance, providing the first such example for a prokaryote.
In E. coli, loss of ClpB does increase the cell's susceptibility to sudden and extreme heat shocks but does not affect its ability to develop thermotolerance (41) . This situation is reversed for S. cerevisiae and presumably for other eukaryotes, for which inactivation of the clpB gene coding for the cytoplasmic protein results in severe loss of thermotolerance. It is now known that this yeast ClpB functions as a molecular chaperone by resolubilizing protein aggregates that accumulate during heat shock and is not involved in preventing aggregation or promoting proteolysis of denatured polypeptides (29) . Yeast ClpB synthesis occurs primarily during severe thermal stress, suggesting that this chaperone activity is important in the latter stages of protein damage, possibly explaining why it confers resistance to normally lethal temperatures after it has been induced during a previous mild heat shock.
Apart from certain structural similarities between the cyanobacterial and E. coli proteins, the specific action of ClpB in Synechococcus spp. may well be more homologous to that of the cytoplasmic protein in eukaryotes since both are directly involved in the acquisition of thermotolerance. The response in cyanobacteria, however, appears to be somewhat more complex than that in S. cerevisiae because of the presence of the constitutive ClpC protein. The Synechococcus ClpC is most similar (ϳ90%) to the higher plant homolog located in the chloroplast stroma, and as for the plastid protein (39) , it is apparently indispensable for normal growth (5). Again, as for its plant counterpart, ClpC in Synechococcus spp. is almost certainly involved in energy-dependent proteolysis and probably functions independently as a molecular chaperone, like other large Clp proteins, such as ClpB (29, 47) . If ClpC does function as a chaperone, this would explain why ClpC content rises significantly in the ⌬clpB strain during heat shock but not in the wild type, i.e., to compensate for the loss of ClpB activity. Such a compensatory mechanism, however, would probably also include elevated levels of other chaperones, especially during more severe heat stress, as shown for GroEL at 50ЊC. This strategy would appear to be adequate, since the ⌬clpB strain is no more susceptible to initial thermal inactivation than the wild type. On the other hand, the capacity of the ⌬clpB strain to develop thermotolerance is greatly reduced by the inactivation of ClpB, suggesting that other chaperones, such as GroEL, cannot entirely replace the function of ClpB that confers thermotolerance, this function most likely being the ability to resolubilize heat-induced protein aggregates. It is possible that the small degree of thermotolerance acquired by the ⌬clpB strain is conferred by the increased level of ClpC induced during the pretreatment at 50ЊC. Indeed, this may be why the equivalent ⌬clpB strain in S. cerevisiae cannot attain the same degree of thermotolerance (33) , since it lacks a constitutive Clp form.
Photosynthesis, and PS II activity in particular, is highly susceptible to heat inactivation (1) and thus has been widely used as a sensitive and immediate indicator of thermal damage in photosynthetic organisms (21, 43) . The development of thermotolerance has long been correlated to the induction of HSPs in both plants and cyanobacteria, and several studies have suggested that certain HSPs directly protect photosynthetic activity against thermal inactivation (21, 38, 42) . Despite this, evidence linking individual HSPs to such a causative role has yet to be obtained. In this study, we show that an HSP, ClpB, directly affects the ability of a photobiont to acquire thermotolerance by reducing the susceptibility of PS II activity to heat. Given the proposed role of ClpB in other organisms, it is probable that this thermal protection of photosynthesis results from the chaperone activity of ClpB to stabilize protein integrity and resolubilize aggregates within the cell rather than from FIG. 6 . Cell survival and acquired thermotolerance. Cells grown at 37ЊC were either shifted directly to 55ЊC for 10 min or first pretreated at 50ЊC for 1.5 h before being exposed to 55ЊC for 10 min. Although no such evidence linking ClpB to thermotolerance has yet been shown for plants, recent complementation studies have shown that expression of a higher plant clpB gene in a yeast ⌬clpB strain can restore the cell's capacity for developing thermotolerance (20, 36) . This implies that ClpB may also be necessary for acquired thermotolerance in higher plants, possibly sharing the role of ClpB in cyanobacteria.
